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NATIONAL ADVISCRY COMMITTEE FOR AERCNAUTICS

TECHNICAL NOTE NO. 115k

A COMPARISON OF THE LATWRAL MOTIONS CALCULATED
FOR TATLLESS AND CONVENTIOWAL ATRPLANES

By Cherles W. Harper eand Arihur L. Jones
SUMMARY

A theoretical analyesis of the lateral dynamic motion of tailless and
conventional alrplenes was made for airplenes of two classes - fighter
and heavy transport. Their reactioms to a latersl gust end the control
power required (in coefficient form) by each for eimple meneuvers were
determined and compared.

It is shown that no great difference should be expected between the
lateral motions that characterize the stability of the two types of air-
plenee. The tallless airplanes show the greatest displacements for a
given disturbance and have the least damping in the osclllatory mods,

It eppears unlikely that these oscillations can be made as small or as
highly damped as for a oconventional airplane. It is estimated that

some difficulty will be met in eatisfying the requirement that latersl
oscilletions with controls free damp to one-half emplitude in 2 cycles.

The two types of airplanes require almost identical aileron con-
trol power to perform a given mansuver. However, the taillees elrplane
required only about one-half to one-third of the directicmal control
power of the conventional alrplane to psrform & given maneuver, While
this is an advantage insofar as directional control requlrement ls con-
cerned, the low demping in yaw which is largely responsible for this
effect maekes the alrplane sxtremoly susceptible to yawing disturbances
that are normally considered unimportant.

INTRODUCTION

Acceptable dynamic characteristice of conventional airplsnes are
obtained partially through certain design eriterions which have been
established, and partially through a triel-and-error process based on
past experience. This lstter process hag been extensively employsd to
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choose the laters” characteristice of airplanes because of a lack of pre-
cige flying-qualil: ies requirements. In the case of the tailless alr-
plane, however, l.ttle experience exists to guide the choice of lateral
characteristice., This fact was enphaslzed during testes of a modsl ofa
tallless alrplane when it became epperent that only the vagueet evalue-
tion could be made of the sultability of varioua measured serodyramic
characteristics.

It was thought that a theoretical investigetion of the lateral-
control powar required and the lateral-dynemic-stabllity characteristice
of a conventional and tailless airplare might clarify the situation to
some extent. A comparison of the control power required was obtained by-
subJecting the two types of eirpleanes to certsin predetermined masneuvel's
through the medium of the dynamic-motion calculations outlined in btiris
report under Msthod. These mansuvers and e gust condition gpplied to
thesge airplanes to reveal their inherent dynamic stability characteris—
tice are described under Procedure.

Sufficient wind-tunnel data were at—hand to make these calculations
for the tailless airplane and for a conventional airplane of camparable
slze and expected performence. Wind-tunnel data were alsoc availabls for
tailless and conventional airplaenes of the heavy transport class. A
similar anslysis was made Tor these alrplanes. It should be erphasized
that—the results of thess analyses apply to airplanes more or less typ-
ical of their class, and the results should not be ccnsidered as an
absolute measure of the relative behaV¢or of teilless and convenlional
designs. :

The stablility characteristice in the form of swtability derivativea
were slther measured or caelculated for the individual airplancs. With
one exception no attempt was made to evaluate the effect of changlng
these characteristice, since it wes thought that they were typical. The
one exception found necegsary to consider was the variation in the yaw-
ing moment which 1s due to yawing of the tallless airplanes. It can be
shown that, where vertical fins are mounted on the wings, the yawing
moment, which is due to yawing, varies appreciably with the angle of
yaw; whereas for a conventional airplane this effsct is quitu—emall.
Thus 1t might be expected that the motion of a tailless alrplane will
vary between the two extremes of the three cases presented, rather than
closely followlng eny one.

PROCEDURE

Four types of lateral motion were comsidered: (1) that following
entrance into a sharp-edged lateral gust with controle fixed, (2) zero
gideslip turns, (3) a 5° change in heading made with the rudder alone,
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and (%) a roll to spproximately 90° vank and return, using ailerons
alone. The first two motions were investigated for all four alrplanes
and the last two for the small sirplanes only. It was not expected
that these mesneuvers would represent flight conditions exactly, but it
wes believed that they would show where appreciable differences existed
between the dynamic lateral control and -stebility chsracteristics of
tailless and conventlionzl alrplanes. TIn each casp the -airplane was
considersd to be near or at high speed. The altituxdes assumed were ses
level for the large a*rplanes and 22,000 feet for the f+ghters.

The inherent dymamic characteristics of an airplane are shown mcst
clearly by its reaction to an outside disturbence with the controls
fixed. A sharp-edged lateral gust wae ccnsidersd the most likely form
of outside disturbance that would te enccuntered in flight. Conseguently,
for each alrplane the complete latersl motion was computed for a 10-
seccpd period following fts entrance into a .gharp-edged. lateral gust.

: It was thought that any differences in the control reghirements for
each’ type of alrplans could bs geen tkrough the difference in comtrol
coefficients required to.mske g gero .sideslip turn. These’ coeff;cients,
therefore, were computed for each alrplane for turns extending over vary
ing Intervals of time but having equal meximum engles of bank (30°).

The two additional investigations were mads on small airplanes be-
cause it was believed that these would show to some extent the ease
with'which each type could be rapidly maneuvered., Flight experience
hes ghown that fighter alrplanes unable. to make a slight change in head-
ing without extenslive control coordination.are unsetisfactory. - It weas
expected that the relative amounts of coor&inat;on requ*red for the
two types of airplanes could therefore bs Judged from the relative
aemounts of sideslip and roll developed in each cgpe.- S5imilar reasoning
led to the investigation of the rapid roll meneuver. o

COEFFICIENTS AND SYMBOLS _ B

The coefficlents and symbols defined herein are referred to the
system of stability axes in which the X-axis is in the plane of sym-
metry and is parallsl to the relative air stream, the Z-axis is in the
pland of symmetry and is perpendicular to the X-axis, and the Y-axis
is perpendiculer to the plane of symmetry. The coefficients end sym-
bols are defined as follows._

LT
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yewing-moment coefficient yawing momsnt)

gSb

side-force coefficient (%599—§9£EE>
- q

rolling mém;an't>
Tyx

ng moment>
Iz

rolling acceleration (

X&Wing acceleration <y awl
side-force coefficient- (EQEEE£9£EE>.

nmaess of airplane, slugs

mement of inertia about X- axis, slug-feet square
moment of inezt;a about Z«axis, slug feet square
air density, slugs per cubic foot

wing spen, feet

wing area, square feet .

distance from the center of gravity of the airplane to the hinge

line of the vertical teil, fest

effective airplene angle of attack, radians

acceleration due to gravity, feet per second squared

the n®® root of the stability quaftic

velocity along X-axis, feet per second

1 2 .
dynemic pressure ‘<-§-DUO ), pounds per sguare

foot

sldeslipping component of velocity, feet per second

rolling velocity, radians per second

yawing velocity, radians per second

angle of bank, radians except as otherwise indicated
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angle of sideslip, radiens except as otherwise indicated
angle of yaw, radians except as otherwise indicated

rate of change of rolling-moment coefficient with angle of side—
slip (0C;/0B), per dearee

rate of change of yawing-moment cocefficlent with angle of side-
slip (oC_/3B), per degree

rate of change of side force coeffic*ant with angle of s¢deslip
(BCY/BB), per degree

rate of change of rolling-moment coefficient with wing-tip helix
angle (301/83%-

rate of change of yawing~moment coefficient with wing-tip helix
angle <d0/a )

rate of change of rolling-moment coefficient with rb/2U

(acz/a o) : | P ___ .

rate of change of yawing-moment coefficlent with rb/2U,
~_. = FDb
(ocn/ BE—UO

‘rate of change of rolling acceleration with angle cf sideslip

180 ¢Sb
(o 25
B om Ixx
rate of change of yawing acceleration with angle of sideslip

(C 180 gSb
h x I;n

rate of change of side-force acceleration with angle of sideslip
< 180 gs '
% %
rate of charge of rolling acceleration with-ratg_oi_roll

_b_abb
(Cz I
? 9o
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L, rate of change of rolling acceleration with rate of yaw

asby
( Zr 2Uo Ixx
NP rate of change Qf yawing acceleration with rate of roll
(c.._b,.g__
Op 2Up Iz /

N, rate of change'df yawing acceleration with rate pf yaw

<?nr 2y, I

METEOD

This section ie intendsd as a gulde and reference to the methods
used and the data needed in making the dynamic calculations required
for the procedures Just discussed. Since this type of calculation ip
gquite laborious and complitated and is not generally familiar, the
details of these calculations will not be of great interest or concern
to anyone who has not made or does not contemplate making such calcu-
letions,

The ‘stability derivatives for each airplane wers obtained from
wind-tunnel tests made in the Ames 7~ by 10-foot wind tunnel and from
reference l., For the two talllees alrplanes the three values of Cp,,
which were dus to the vertical tail, were estimated from the results
of oscillation experiments made on & model of a talllese airplane.

The physical properties of the airplane were obtained frocm the manu-
facturer, These data are presented in table I, The relative sitzes
and forms of the airplanes investigated are shown in figure l.

The method used to compute the motion of the airplane following
a unit acceleration is outlined in the appendix of this report. The
expressions for the constents required in the equations of motion
ere tabulated in the appendix and thelr values for the individual
alrplanes are presented in table II.

The method for compounding the effects of unit disturbances to
obtailn the motion resulting from a guet is presented in referencs 2.
The approximations made thereip epply equally to this report. For
the conventional girplanes, account was taken af the pericd of pene-
tretion of the airplane into the gust to account for the delay of the
reactions due to the tail., No delay of ehy type was considered for
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the tallless eirplenes. In addltion, the motion of the airplane with re-
spect to the ground was determined as outlined in the aeppendix.

° In order to .find the yawing scceleration required to make and hold
a 5  change in headinz, the methcd outlined in reference 3 was folloved.
It is possible to determine the motion resulting from an irregulsr dis-
turbsence by ueing & grephical solution of Carson's integral when the
motion resulting from unit disturbance is known. In a similar manner
1t is possible to determine the necessary variation of the irregular ~
disturbance when the desired motion snd the motion resulting frcm unit
disturbence are known. The necessary variation of yawing acceleration
with time was first determined. such that the alrplans experienced a 5°
change in heading in lé seconds and meintained this heading thereafter.
The oscillatory tendencies of the alrplane were thus reflected in the
required yawlng acceleration which oscillated rapidly about & mean
value. It was considered unlikely that a pilot would perform a corrs-
sponding control maeneuver, and hence the yawing acceleration was varied
approximately as the mean of the ocsclllatory curve previously deter-
mined. The airplane was then free to oscillate, the only restrictions
being that & 5° change in hezding was reached in 1% meconds and that at
no time during an oscillation did the airplane deviete more them 0.5°
from this heading.

The roll meneuver and the reguired rolling acceierations of the
alrplane were determined in s manner similasr to that previously dis-
cussed. The aspproximation made in the equations of equilibrium that
8in @ = @ introduces an gppreciable error imfo these results where
¢ becomss as great as 90 . Accordingly, the dlsplacements computed
for this maneuver should not be expected to predict closely thogé that
would be messured in flight. It is believed, however, that this error
dces not invalidate the conclusions drawn as to the differsnce between
the motions of tailless and conventionsl airplenes.

It is not necessary to solve the equaticns of meotion for a unit
disturbance to determine the rolling and yawing accelerations regquired
to perform a perfect (zero sideslip) turn. The procedure followed was
that outlined in references & ard 5 wherein the varistion of the angle
of bank with time is predetermined, zero sideslip specified, and the
necessary yawing and rolling accelerations computed from the equation
of equilibrium. - For each airplene the meximum angle of bank was held
et 307 and the length of time in which the maneuver was completed was
veried. The yawing and rolling asccelerations requlired to perform the
maneuver were then reduced to standerd NACA mement-coefficient form.

All motions are represented in terms of displacement (angles or
distance) rather than rates of displacement (velocities) for easier
visualization.
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DISCUSSION

The complete dynamic lateral motion of en airplane can be ex-
presged analytlcally as three modes of the motion which are functions
of the roots of the stabllity equation.

It is from these roots that the demping end, in one cese, the
period of these three modes of lateral motion are obteined. A dis-
cussion of these roots and of their significance is presented Iin
this section along with the discussions of the results of the inves-
tigations of—the maneuvers and guet conditions to which the elrplanes
were subJected by mathematical simplation.

A discussion of the mobtions resulting from unit accelerations
applied to the airplane is also included in this section. Thess
motions are the basic variations of the motion of the airplane re-
sulting from an external dlsturbance and can be compounded into the
motion resulting from any explicit gust or control-surface deflec-
tion.

Roots of—the Stability Equation and Thelr Significance

For the degrees of freedom considersd herein, the stability
sqguation ies a gquintic having, generally, twc real roots, a palr of
conjugate complex roots, and a zero root (indicating no inherent
tendency of the airplene to hold a particulsar compass heading). OCne
of the real roots (i) is emall, corresponds to a elow turning and
banking motion,and can be nmegative (epiral stabllity) or positive
(epiral instebility). The other real root (Ap) is, at low 1ift coef-
ficlents, large and negatlve and corrssponds to g highly damped
rolling motion of the wings relative to the air., The pair of cob-
Jugate complex roote correspond to a combined rolling, yawing, and
sideslipping oscillation ("Dutch roll"). The real part of this root
is usually small and can be negative (oscillatory convergence) or
positive (oscilllatory divergence).

The values of the various roots, the time to increase or de-
crease the amplitude e given amount, and the period of the oscil-
lations are given for each alrplane in teble ITI. Airplanes 1, 2
(cases a and b), end 4 (cese a) show spiral instability. In no
case is this sufficlently pronounced to be considered objectionable.
It should be noted that the spiral instability of the tailless alr-
planee occurs because of a low dampling in yaw (Cn } rather than
high directional stability as in the usual case. ¥'he resistance to
rolling is high for each case considered and hence this motion 1e so
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rapldly demped that 1t may be ignored aftér a fracticn of a second.
The extremely high damping exhibited by airplene 3 is due to a low
moment of inertle in rolling and not to differing aerodynamic charac-
teristics.

The most eignificent difference between the motions of the con-
ventional and tailless elrplanss eppears in the oscillatory motion.
This motion is damped for all the airplanes but is much more rapidly
damped for the conventionsl alrplanes. )

The period of oecilletion of the tsilless airplanes is about 50
percent greater than that of the conventional airplanes. It was
found that increasing the damping (Cn ) of the tailless airplane has
little effect on the period of the osc*llaticns but epprsclsbly in-
creases the damping of this motion. A requirement for satisfactory
flying qualities states that the control-free lateral oscillation

ghould alwaye damp to one-helf amplitude ip 2 cycles. (See reference
6.) With controls fixed, alrplane 1 damps to one-half amplitude in
one-half cycle and eirplane 3 in 1 cycle. It is probable that with
controls free these alrplanes would satisfy the preceding require- -
ment. Alrplane 2 requires 2 cycles to damp to one-half amplitude
with the lowest value of Cp, and one-half cycle with the highest
values of Cnp. The reduction in directjonal stability with controls
free would therefore meke the alrplene unsatisfactory in this respect
with the lowest and probebly with the medium values of Cn Air-
plane 4 requires 4 cycles to damp to one-half amplitude with the
lowest value of Cp, and l}/a cycles with the highest value of Cpg.
It 1s doubtful that this sirplene would meet the preceding require-
ments with the controls free.

Motion Resulting from Unit Disturbances

The variations with time of the motions (in roll, yaw, and side-
81lip) resulting from each of the three possibls unit lateral acceler-
ations are shown in figures 2 to 19. These motions ere used in cam-
pounding the other motions investigated in the dynamic-motion calcu-
lations. Consequently, they are individually significant and reveal
directly interesting characteristics of the stablility of the airplans.
The unit accelerations for the various alrplanes corregpond to the
following moment and force coefficlients:

Airplane Ci C, l CY
1 0.0541 0.0870 ! 0.0186
2 .0332 L0433 .0187
i .0018 . 0057 .00k1

.0038 L0041

.0032
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The variatione in the sige of the coefficlients noted in the preceding
tahle are due to “the variations in mess and mcments of inertia of the
alrplanes. It 1s evident, therefore, that a direct comparison of the
magnitudes. of the digplacements for a given unit acceleration is not
valid. However, since the magnitudes of the displacements vary direct
ly with the magnitudes of the disturbances, it i1s a simple matter to
estimate the various displacements at a constant coefficiemnt for pur-
poses of cemparison. It -should be noted that the displacement scalas
used in figures.2 to 19 are not consistent. FEach scale was chosen
such that the variation of the motion could easily be seen and com-
pared between airplanes. The relative magnitude of the displacements
resulting from unit accelerations in roll, .yaw, and sideslip are shown
iIn figures 20 to 25 for the conventional airplanea but are typical
also of the tailless airplanes.

A discussion of this motion.falls logically intc two parta, the
trangitory and the eventual motions. The first is governed almost
entirely by ‘the oscillatory mode and slightly by the heavily damped
rolling represented by the Az root.. Provided oscillgtory convergesnce
existg, . the eventual motion is governed entirely by the- sp+ral stabil-
ity or instability (represented by the Ay  root). :

The. longer oscillatory period and lower oscillatory damping of
the tailless slrplenes ars quite eviqent from thesa figures. These
characteristics are most noticeable. in the curves showing the motion
resulting from a side acceleration and in sideslipping, but the rel-
ative magnitude of the various motions must be considered. ‘here
. thege ogclallations are large compered to the over-all-motionm, it l1s
apparent that the increase in 'Cp, ©of the tailless airplane hes a
major effect. Where the oscillations are small compared to the over-
all motion, the value of the damping, which is due to yewing, hasg a
negligible effect.

For both types of airplanes, positive displacemente result frem
positive acceleration with the exception of Py end Py, in which
cases negative dlisplacements result from positive accelerations. In
the case of WL’ positive accelerations ceuse a momentery negative

displacement,after which the displacement becomes and remains positive.
This initial negative displacement is due to the negatlve yawing mo-
ment resulting from a positive rolling velocity.

The eventual motion of the various airplanes is wholly independ-
ent of type, depending only on the existence or nonexigtence cf splral
gtabllity. With a steady spplication of positive rolling or yawing
unit accelerations, the spirally stable éirplanes reach a constant
positive angle of bank and sideslip end a constant rate of yawing. A
positive unit lateral-forcd acceleratlon steadily applied to a spil-
rally stable airplane will eventually produce a conatant negatlve
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angle of bank and a constant positive angle of yaw but no sideslip. The
steady application of any of the positive unit eccelerations to the spi-
rally unsteble airplanes results in constantly increasing positive angles
of bank, yaw, and sideslip. Little value can be gained through a atudy
of the various magnitudes of these angular displacements since they rap-
idly excesd the limits imposed by the basic assumptions in the theory of
dynemic calculations.

Motion Resulting from & Sharp-Edged Lateral Gust =
The time histories of the angles of bank, yaw, and sideslip about
axes fixed in the airplanes are presented in figures 26 to 31 for a side-
gust velocity of 10 feet per second. The amplitudes of the angular de-
flecticns are directly proportiomal vo the size of the spplied disturb-
ance.  Congequently, these results would have the same characteristics
but different magnitudes for other gust velccities.

.~ Trensitory motion.- In general, the mean angular displacements for
the smell airplenes are very smell. The oscillatory moticns though pre-
dominant and rapid are convergent. For the conventional airplene the

rate of damping is greater than for any case of the tailless.

A comparison of the large taillese and convenbional asirplanes dis-
closes the same differences in lateral-stability characteristics as
previocusly stated. Thelr periods of oscillation are frcm three to four
times greater than for the small airplanes, but their rates of damping
are slightly less.

For all airplanes the initial angle of sidéslip upon entering the
gust 1is v/Ub positive when the gust is from the right. Consequently,
the angle of zero sideglip of the airplene in the gust is at -v/Us as
shown on the B scale of figures 28 and 31. The tallless and the con-
ventional airplanes oscillate in yaw about a heading different from
their original heading by an amount equal to approximately the initial
angle of sideslip of the airplene. All oscillations in bank have a
mean value very closs or egqual to zero.

Eventual motion.- For a gust, as for unit disturbarces, the even-
tuel motion of the airplane investigated is largely a function of the
spiral stabllity. The steble cases will gradually recover to zero
angles of bank and sideslip (with respect to the gust) and will even-
tually return to their originel headings. This recovery in heeding
takes an infinite length of time, and this theoretical tendency of the
completely stable airplans exists no matter how many different disturb-
ances the airplane encounters. :
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The spirally unstable airplaenes considered all turn to the right
(into the wind) with the exception of the large conventional alrplane
which turns down-wind. This down-wind turn results from the delay of
the vertical-fin yawing reaction which is due to the time required for
the tail of the airplane to penetrate the gust. The direction in which
an unstable airplane turns can be shown to be a function of this time
delay and hence a function of airplane size and forward velocity.

Motion with respect to the ground.- The flight paths and angular
displacements of the airplanes with respect to a set of axes fixed in
the earth are shown in figures 32 and 33 for the first 10 seconds follow-
ing entrance into a 30-foot-per-eecond lateral gust. Since the ratios of
forward speed to gust velocity considered are large, the displacements
vary almost directly with gust velocity and the higher gust velccity can
be used to amplify the airplane motion.

These sketches of the flight paths give a visual picture of the re-
sulting motion and bring out two points: (1) Spiral instebility to the
degree evident in these airplanes is not enough to cause any serious dif-
flculty in reetoring an airplane to its undisturbed orientation when 1t 5
encounters a gust, and (2) For both sizes considered, the linear-gide .
displacements of the tallless airplanes are the smallest due to their
greater oscillations in yaw and sideslip..

Coordinated Turns

A typical variation of the angle of bank and the resulting rates of
rolling end yewing for a zero sideslip turn are shown in figure 34. The
control accelerations in roll and yaw needsed to perform this maneuver
have been converted to moment coefficlents and are presgeunted in figures
35 and 36. Thke following table gives the approximate changes in headings
of the large and small airplanes for the various periods of time used in
performing this maneuver.

Airplane | ?:Zi§d. 'Change(ézs?eading

1land 2 60 . 12h5

land 2 | 30 62.3

1l and 2 15 3.1

3 and 4 15 _ 13.1 .
3 and & T | : 6.1 )
3 and & 2 : 1.8
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The maximum acceleratlons required in both rolling and yawing become
larger as the periods grow smaller. For both size and a glven period,
the relative magnitudes of the rolling-moment coefficients required are
nearly equal for the two types of airplanes. This effect is reasonable
since aerodynamic characteristics in roll are not greatly affected by &
tail.

The yawing-moment coefficients for the small airplanes are negligi-
ble and have not been presented. For the large eirplanes the yawing-
moment coefficients presented in figure 36 are also quite smell. The-
large conventional airplane needs from two to three times the maximum
yawing-moment coefficients that the taillless needs with eithey the maxil-
mum or minimum demping in yaw considered. Based on equal control effec-
tiveness, the large conventional airplene would therefore require slight-
ly greater rudder and aileron coordination than the large tailless alr-
plane. The difference in coordingtion required of the small alrplanes
cen be coneidered negligible.

It should be noted that the term "coordination" as used in the pre-
vious paragraph means the relative smounts of .aileron and rudder deflec-
tlon required of the pilot to make zero sideslip turns. No considsration
hag been given to the ability of the pilot to masks the required control
motions speedily and precisely. It is éntirply possible that 1f this
factor were considered a measure of the coordinatlon required, the pre-
ceding conclusions would be radically altered. For instance, the coordi-
nation required by the small alrplane, when interpreted as the contyrol
deflection magnitude, 1s negligible as previously.stated. When inter-
preted as the physical coordination required of the pilot to pexrform
precisely these control manipulstions, the coordinaticn required may be
considered large or perhaps impossible. Further studies are certainly
needed to establigh some norm of physical coordination before final
conclusions can be drawn as to the true handling gualities of these and
other alrplanes. _

Since the rolling-moment ccefficients required of the two typee of
airplanes were so similar, the effects of yaw which are due to the ailer-
ong were not investigated. It should be noted, however, that the yawing
control regquired of the tailless ailrplanes is so low that an appreciable
amount of favorable yaw which is due to the ailerons will require rudder
deflections opposing the turn.

The small amount of direotional control regquired of the tallless
airplanes points to a possible unsatisfactory characteristic of this type
of airplane. Given a rudder having conventional effectivensss it would
be easy for a pllot to inadvertently overcontrol and thus initiate and
possibly enforce the large, slightly damped oscilllation shown in the mo-
tion resulting from a unlt disturbance.
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Rudder Turm -

The results of the rudder-turn calculations for the small slrplesnes
are presented in figure 37 showing the yawing acceleration variation re-
quired for this maneuver and the resulting angles of yaw, bank, and side-
slip. Ae previously stated, it was desired to make & 5° changes of head-
ing in 13 seconds and to maintain that heading within half a degree
thereafter by e smooth variation of the applied yewing acceleraticn. In
two of the three cages inyestigated these specifilcations were met,  but
for the case of the taillegse airplane with the leasgt demping.in yaw
(Cnyp = -0.005) no smooth yawing acceleration could be found that main-

tained the.change in heading within half a degrés. All the applied yaw-
ing accelerations vary in & aimilar manner; a positive loop for the first
4 seconds and = negative loop-that has pot recrcssed the axes by 10 sec-
onds., These accelerations WOuld eventually beccme positife again before
dying out.

For the first 4 smeconds of this maneuver the conventional airplane
required aepproximately 2.5'times the yawing-moment-coefficient, devel-
oped about the same-angle of sideslip and banked slightly further than
the tallless airplane.- Thege 4 seccnds would give a fighter, traveling
100 miles per hour faster than ite target, 2% secomds -firing time while
closing in from 200 to 75 yards. To maintain this change in heading the
ccnventional &alrplane requires & more rapid but: cconsiderably less sus-
tained control motion. The résulting oscillatory motion as well as the
displacements in bank and sideslip vanish much sooner than uhey do for
the- tailless airplana. T _ s

" "Aileron Roll

The results of ths calculations made to determine the necessary va-
riatione in rolling accelsration and the resultant angles of yew sand
pideslip during s roll to 9(F bank and return to o° are presented in fig-
ure 38. The effects of yaw which are due to the ailerons have been ig-
nored in these results. It should be remembered that—these &isplacements
exceed the limitations imposed by the theoxry and hence only the relative
megnitudes should bs considered.  Sinte the results are largely qualita-
tive, the only case invegtigated for the tallless alrplene was that of
the highest value of demping which is due to yawing.

The variations with time of the control rolling-moment ccefficlents
required to complete the mesmneuver are nearly identical for the two air-
plenes. They are of the same form as the corresponding curves computed
for the coordinated turn mansuver and involve first a positivo and then a
negative control -motion of equal magnitude. o
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- The resultent oscillatory motions in yawing and sldeslipping are
small for both airplanes, but the tailless again shows slightly longer
and less damped oscillations.  The yawing motion is delayed until the
maximm angle of benk is reached after which it becomes positive and op-
poses the return to zero bank. The sildeslipping motion is poeltive
throughout the major portion of the rolling. motion, thus opposing the
initial rolliing and -alding in the return.

Since it is unreasonable not to expect yaw due to ailérons, the ef-
fects of both adverse and favorsble yaw due to ailerons were investigated.
Yswing acceleration curves based on yewing-moment ccefficients equal to
10 percent of the rolling-moment coefficients are shown for favorable
yaw in figure 39 together with the banking, yawing, and pldeslipping
displacements they effected. While the rolling-moment coefficlents and
hence the resultant yawing-moment coefficlents were almost equal for the
two alrplenes, the yawing acceleration experienced by the tailless alr-
plane was greatest due to its smaller moment of inertia. This effect,
together with the lower damping in yew, resulted in the tailless airplane
exhibiting large and prolonged osclllations. While these ogcillations
also appeared in the motion of the conventional airplane when yaw, which
was due to the allerons, was considered, they were much less pronounced

and more highly damped.

The relative magnitudes of the ccmbined motions resulting frem roll
and ailercn yaw may be seen by comparing figures 40 and 41 whilch ghcw,
for the tailless and conventional airplanes, the angles of sideslip, yaw,
and roll developed. It appears from these results that talllese design
will require a careful consideration of the yaw, which is due to the ai-
lerons, if satisfactory flying qualities are to be obtained. It is prob-
able that the beneficlal effects usually associated with favorable yaw,
which is due to the aileroms, may be for a tailless design more than
counteracted by the undesireble resultant oscillations.

The curves show that the yawing and sideslipping motions are
respectively positive and negative when favorable yaw is present and that
the maximum angle of bank (also the corresponding rolling velocity) is
increased by these beneficial effects. Adverse yaw which is due to the
ailerons produces, of course, exactly the opposite results.

CONCLUDING BEMARKS

The dynamic lateral motion of the tailless airplanes considered does
not differ greatly from that of the conventional sirplanes of comparable
size. Both types showed oscillatory convergence and, for the various
cases, possessed spiral divergence or convergence in about the same
degree. The tailless airplanes showed the least damping and greatest
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displacements in the oscillatory form of the moticn due to any exteimal
disturbance. It eppears.doubtful that this motion can be madg as slight
for a tailless eirplene es for ® tonventional alrplane. It wes estimated
that the criterion for satisfactory damping of lateral oscillations with
controls free (that the amplitude be damped one-half in 2 cycles) would
be satisfied by both conventivnal ‘airplanes;, and by the large tallless
alrpleane vith the high and possibly with {he medium values of Cp, and

the small tailless alrplane with the highest value of Cnp. The small

tailless airplane probably would not satisfy thie criterlon when Cp,.
was reduced.

The reaction of the taillleas airplanes to an outside disturbance
such as & gust would not be apprecisbly different from the reaction of
a conventional airplans. Therefore, no unusual lateral-control require-
ments should be encouptered in normel steady flight.

Investigation of the control coefficients required to complate a
zero sideslip twmn showed that little difference would exist petween the
rolling coefficients required by a tailless airplane and by a ccpven-
tional airplane. Two to three times less dlrectional contrcl was re-
quired for a tailless airplane and it will, therefore, show tq a greater
oxtent the effects of adverse or favorable yaw of—the aillercms.

The tallless ailrplane will require considerably less directional
control and will have slightly different motion where a change of he=nding
is made with rudder alone. During the initial period of such a paneuver,
the tallless airplane will have a definite advantage since the rsquired
directional control is one-half to two-thirds that of the conventicnal
alrplane. To mafntain the change in heading, however, the tailless air-
plane will require a considerably longer period of control manipulation
than will the comventional airplane.

When the yaw which is dus to the allerons is neglected, the -lateral
control required and the resulting sideslip and yewing developed during
& rapld rolling maneuver made with ajlerons alone will be nearly identi-
cel for the two types of airplanes. Alleron yaw, however, undssirably
amplifies the oscillations of the tailless airplane; Whoreas il has cnly
a negligible effect on the conventional airplane.

In general, it can be expected that the mean value of the lateral
displacements in disturbed motion will be of the same magnitude for a
tallless arnd a conventional sirplene, but the oscillatory motion of- the
tailless airplene will be greeter and coneiderably less damped. For a
desired degree of maneuverability, the tailless alrplane will require
from one-helf to one-third less. directional control than the converticnal
airplane but will be much more significantly affected by small yawing
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moments such as would result from aileron yaw, asymmstry of pcwer, con-
struction, and so forth.

Ameg Aeronsutical ILaboratory,
‘Natlonel Advisory Committee for Aeronautics,
Moffett Field, Calif., August 5, 19h6.

APPENDIX

An investigation of the. lateral-dynemic motion of an alrplane can be
made by following a mathematical procedure presented in reference U4 and
modified in reference T. This fethcd employs unit disturbancss, as de-
velored in Heavislde's operationsl calculus. The sffects of the unit
disturbances can be compounded tc give moticns resulting froem eny form of
outside disturbance. The unit disturbances ccneidered in lateral motion
are unit accelerations about the X-axis (rolling) and the Z-axis (yawing)
and along the Y-axis {sideslipping).

Each disturtance enforces rolling, yawing, and sideslirping motiors.
Thus, to define completely the mction resulting from asn arbitrary dis-
turbance, nine equationes are required, ldentical in form but with varying
constants. For example, the equation for the rolling velocity p re-
sulting from a unit yewing acesleration N msay be expressed as

At Azt At t
Pu(t) = PNy + py, 0 + PN, 8 2 + DN ° + pr o™

where A 1is & root of the stebility equation end pp,, PN and so
forth, are constante involving the roots and airplane characteristics.

Hegviglide's expansicn theorem forms the gensrsl expraesicn for the
nine equations and from it the expressions for the constants, Pligr Puy»

and so forth, are found.
£(D) 1=1 o) _ S?..f(x! b
F(D) F(o) ' ¢y
A

f{c) -
7o) T o

where

and
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£())
ARt ())

= PN,» PNos -ang. so forth

The expressions F(o) and F'(\A) are identical for all the egqua-
tions and vary only with the value of the particular root. -As shown in
reference 7, they may be found by combining the roots as follows:

F(o) = AidgAzla
M (Aa-rg) (Ma-da) (Mi-2a)
F'(A2) = Aa(Az-21) (Aa-2s) (Az-2a)
Ft(hy) = Az (Az-M1) (hzAz2) (Az-Aa)

Fr(hg) = 2g (Mg-21) (Mg22) (hg-rg)-

Frny)

L}

The forms of the expressions f(o) and f£{(\) are different for
each variable (p, r, v). &nd fOr each dlgturbance (Y, L, N) and the
values of the exprsasions ars: diffevasnt for each root.  The nine required
equations are listed below. The value of . £{o) may be found by substi-
tuting zero for the value of A, and £(\) may be found by substituting
the appropriate values of A.
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Disturb- Motilon
ances
P
Y (L Ng - Lgh,)h + Lgh®
Y Y
S S _B N N B
L (ﬂf + Uo>4-}b< g + Ny Ub>
N e o B\ A2
-Lg - ( rﬁ;) + Ly
X
Y : ANg + Mg, - Lolp)
L AN, - AN, 2B 4+ W, &
P pﬁE* B U5
. | Y £
N B a3 B B _:. 8
A (Uo +Lp> + Mrp 5 LB_UO
v
Y UO[L:" - A (L, + Bp) + A(TpNy - LI.NP)]
L g(h - Nr) - ANp
N eL., 2
Uo <—6§ + Mp - X )

The equations for @ and  may be easily obtained by integrating
thoge for p and r. The ¢ and 1 thus obtained will be the angles
developed in rotation about the X- and Z-axes, respectively. Dividing
the equation for v by Uy gives very closely, the angle of sideslip B.

When the stability equation yieslds a pair of ccnjugete complex
roots, the necessary computations are more easlly made if the expressions
involving these roots are ccmbined. The example previously cited then
changes to this form:
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PN(t) =Py, * Py, let +;pNzeX2t + 2~/I2 N eat ¢os bt + tPN)

where
I+ 1J = pN3
a real part of the complex root

b imaginary part of the complex root

phage shift for the ed cosine curve and equal to
N
(1/) tan™* (%)

To convert the motion of the airplene relative to the alr to motion
relative to the ground, ;the following equations were used:

Lateral distance X=f[Us sin V¥ + vo + v cos V¥]at
Longitudinel distence Y = f[Uo cos ¥ - v sin V] dt

where Vo 1s the velocity of the airplang as carried with the gust.
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TABLE I.- THE PHYSICAL PROPERTIES OF -
THE AIRPLANES INVESTIGATED

Properties | Airplane 1 | Airplane 2 |Airplane 3 | Airplane
8 - 2510 . 1800.0 275 . 296
b 175.25 - 13L.0 L0 39 )
m 3880 2,795 261 217.5
1 59,22 | aceommmaee 19.08 | ecmmeeeo g
Iz 1,959,627 | 666,121 4,584 9,800
Izz 3,152,17h | 869,060.9 | 1k,597 10,900
p .002378 .002378 .001189 .001189
Uo 26415 26l.5 626 626
Cr, -.600 601 .132 .102
a L1050 »105L .02%2 L0179
Cyﬁ -,013 ~.005 -.0105. -,0055 .
Cig  =.0016 -.0015 -.0012 -.0009
Cng ,0022 .000L .0016 . 0007
C1, .1202 11333 o2l ,01718
cnrwing -,0051 ° ~-.00357 -.0100 -.0002
-.0050 -.0050
T | O DGR | T | TR
C1p T =542 ~-.515 -.Jy52 - -2
COnp - =.0406 -.0382 -,0058 | «,0045

TABLE III.- THE STABILITY QUARTIC ROOTS, RATES OF DAMPING AND
PERIODS FOR THE AIRPLANES CONSIDERED

Ailrplane 2 Airplane |
Item |Alrplane 1 Case a |Case b |Case ¢ Airplane 3 Case g |Case b (Case ¢
Ay 0.0060 0,0120{ 0,0053}-0,0181 | -0,0088 0.0012{ -0,0003{-0,005l
atlflo 15.7L 7.93 |18.04 5.8 11.95 80.L |32.5 19.6
A -3%.2888 ~3.9%391{-3.9389{-3.9383 | -8,0737 -3.8087] -3.8096]~3.8096
bt1/; .21 .18 .18 | .18 .09 .18 .18 .18
T a -+3030 ~.0552| -.0811} ~.1721 =.4710 =e073%9] =.1121| ~-.243L
bf;[a 2.3 12.56 | 8.5h | L.03 147 9.37 | 6.18 | 2.85 |
b 1.2537 L8330 .832L] .8189 | .1.0333 %.1222| %,1250| 3.1197
c%g. 5.02 TSk | 755 | 7.67 1.56 2.01 | 2.01 2,01

&mime for amplitude to increase or diminish by one-tenth.
bpime for amplitude to diminish by one-half,

®Peried of oscillation.,
82
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| FIGURE N~ THE vaRAIION  OF THE ANGLE OF SBESLP
WTH  TIME OUE TO THE APPLICATION OF A UMIT
YANNG ACCEL ERATION TO A/EPLANES 3 AND 4+

8 10

T

f—
\\__
—

i ey
-
]
=

r\ \/.‘{\ - A (Gy=-0I5)

TO A/IRPLANES & AND A .

~0020
4 (q,F--oao)
= 0024 \
\\
<0028 \\
g
I :
.-".m I - _I_ J-. = vl I
FIGURE 17.— THE VARIATION OF THE ANGLE OF BANK WiTH
CTIME DUE TO THE APRLICATION OF A UNIT SIDE ACCELERATLC
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FIGURE 18 ~ THE VARIATION OF THE ANGLE OF VAW WITH

TIME DUE 70 THE APPLICATION OF A UNIT SIOE ACCELERATION TINE DUE T0 THE APPLICATION OF A GWT SIOE AQELERATIOV

TO ARPLANVES X ANG L.
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FIGURE B0 ~THE VARIATION OF ANGLE OF BANK WITH
TIME - FOR AIRPLANE B SHOWING THE RELATIVE EFFECTS
OF A UVIT YAWING ACCELERATION, ROLLING ACCELERATION,
AN  SIDE  ACCELERATION,
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FIGURE 31— THE VARIATION OF ANGLE OF SIDESLIP WITH
TIME FOR AIRPLANE 8 SHOWING THE RELATIVE EFFECTS
OF A UMIT YAWING ACCSLERATION, ROLLING ACCELERATION,
AND  SHDE  ACCELERATION.
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FIGURE ZA ~ THE VARIATION OF ANGLE OF BANK W/ITH
THME FOR A/IRPLANE | SHOWING T7THE RELATIVE EFFECTS
OF A UMIT YAWING ACCELERATION, ROLLING ACCELERATION,
ANO  SIDE ACCELERATINV. '
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TIME FOR AIRPLANE | SHOWING THE RELATIVE EFCECTS
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FIGURE 26, — THE VHRIATION OF THE ANGLE OF ABANK
WITH TIME OUE TO TWE EFFECT GF A /0 FT/SEC
LATERAL GUST FROM THE RIGHT (FOSITIVE GUST)
FOR AIRPPLANES / AND £,
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FIGURE ZZ — THE VARIATION OF THE ANGLE VAW
WITH THME OUE 70 THE EFFECT OF A 10 Fr/sc
LATERAL GUST FROM IHE RIGHT (FOSITIVE GUST)
FOR AIRPLANES 7 AND 2 '
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FIGURE 28, - THE VARIATION OF THE ANGLE OF
SIDESLIC WITH TIME DUE TO THE EFFECT OF A

_ /0 FT/SEC LATERAL GUST FROM THE RIGHT

. (POSITIVE GUST) FOR AIRPLANES [ ANC 2.
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WY TidE LDUE 7O
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FIGURE 80— THE VARATION OF THE ANGLE OF yAwW
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LATERAL GUST FROM THE RIGHT (POSITIVE GUST)
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